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Temperature stress is one of the major environmental factors that
limit plant growth and productivity. Among the plant physiological
processes, photosynthesis is most sensitive to heat stress, with
inhibition occurring at higher-than-optimal growth temperatures [1].
At moderate heat stress, reversible inhibition of photosynthesis occurs,
while at extremely high temperatures damage to the photosynthetic
machinery is irreversible [1,2]. Among the photosynthetic machinery,
photosystem II (PSII) has been shown to be most sensitive [3,4]. In
addition to the down-regulation of PSII, inactivation of PSII reaction
centers (RC) [5,6] and electron transfer from QA to QB at the acceptor
side of PSII is affected atmoderately elevated temperature [7,8]. Further,prolonged exposure to elevated temperature may lead to the degrada-
tion of the oxygen evolving complex (OEC), resulting in reduced
electron ﬂow from water to the PSII reaction center [9]. Conversely, it
was demonstrated that moderate heat stress does not cause serious
impairment of PSII function but instead inhibits PSII repair, while PSI
activity is actually enhanced [1,10]. However, in case of chlororespira-
tion during dark incubation of Chlorella pyrenoidosa, high temperature
doubled the initial chlorophyll ﬂuorescence yield (Fo) [11].
Elevated temperature also affects the structural and functional
organization of thylakoid membranes [12], excitation energy transfer,
distribution and dissipation apart from effects on the photochemical
reaction [13]. The energy distribution between PSI and PSII for optimal
photosynthesis has been shown to be affected by moderate to high
temperature [13–16]. These studies were focused on demonstrating
the effects of elevated temperature on energy distribution; however,
the moderate temperature on state transition mechanism remained
uncharacterized.
The molecular mechanism of state transition in green algae and
higher plants has been well elucidated [17–19]. Plants and green algae
possess a unique ability to balance the differences in photochemical
energy between PSI and PSII due to their differential light absorption
characteristicsbyalteringtheir relativeabsorptioncross-sections[20,21].
The redox state of the intersystem PQ pool in the linear electron
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PSII. In higher plants and green algae, docking of plastoquinol to the Qo
site of the Cyt b6/f complex, activates a thylakoid associated kinase called
STN7/STT7 [22,23]. Phosphorylation of a speciﬁc light harvesting
complex by STN7/STT7 kinase has been shown to be involved in the
migration of light harvesting antennae from PSII to PSI, altering the
relative absorption cross-sections of both the photosystems [24,25]. In
state I, the PQ pool remains in the oxidized state, leading to high
absorption and emission by PSII. Upon light-induced reduction of the PQ
pool (State II), the STN7 kinase phosphorylates LHCII, resulting in the
migration of phosphorylated LHCII towards PSI,which is concentrated in
the stromal lamellae of the thylakoidmembranes. Themigration of LHCII
enhances absorption and emission of PSI, simultaneously decreasing the
absorption and emission of PSII [26,27]. After the PQ pool has been
reoxidized by PSI, the thylakoid phosphatase designated as PPH1/TAP 38
dephosphorylates LHCII, thereby decreasing its afﬁnity for PSI and its
migration back to the PSII-rich grana regions [28–30]. In the unicellular
green alga Chlamydomonas reinhardtii, CP26, CP29 and the minor light
harvesting protein Lhcb5 are phosphorylated by STT7 kinase and
shuttles between PSII and PSI during state transitions [21]. Further,
CP29 is vital for state transitions while CP26 is not, and is crucial for the
re-association of LHCIIwith PSI under state II conditions [31]. In addition
to the migration of LHCII to PSI, an increase in content of LHCI has been
observed under anaerobic conditions, which induces transition to state
II [32]. In general, during state transitions the phosphorylated LHCII
proteins associate with PSI proteins, particularly PsaH [33]. Several
reports indicated that, under light conditions inducing state II, both the
PSII core and LHCII proteins are strongly phosphorylated,whereas state I
light induces dephosphorylation of both the PSII core and LHCII
phosphoproteins [24,30]. In higher plants a variety of abiotic stresses
including heat stress tend to affect state transition mechanisms. The
exact mechanism of heat stress response, such as the phosphorylation
studies of different proteins are still unknown.
In this study, attempts have been made to dissect and characterize
the effect of mild heat stress on state transition in higher plants using
Arabidopsis thaliana and its mutant stn7, in which expression of stn7
gene is blocked responsible for synthesis of STN7 kinase enzyme. Our
results indicate that moderate temperature elevation under dark
conditions induces phosphorylation and migration of LHCII similar to
that of light-induced state transitions, suggesting that LHCII phos-
phorylation can also be thermally triggered.
2. Materials and methods
2.1. Experimental growth conditions of A. thaliana and its mutant stn7
Wild type A. thaliana ecotype Columbia and its mutant stn7 were
grown in controlled environmental chambers for 6 weeks at
120–150 μmol m−2 s−1, with 8 h light/16 h dark periods and relative
humidity of 70%. All physiological and biochemical analysis were
performed with rosette leaves, harvested before ﬂowering.
2.2. Temperature treatment and induction of state transitions
Mature plants were dark adapted overnight, the leaves of the same
size were detached from the plant and subjected to heat treatment at
35 °C, 40 °C, and 45 °C for varying time periods from 0 to 60 min in
dark. During the treatment period the detached leaves were ﬂoated in
beaker containing water and kept in water bath to control the
temperature. Heat-treated leaves were frozen in liquid nitrogen for
further analysis.
Wild-type plants were exposed for 45 min to state II light to
preferentially excite PSII and state I light to preferentially excite PSI.
Wavelength ﬁlters red (660) and far red ﬁlters (~700) were used to
obtain state II and state I, respectively. Temperature was maintainedat 25 °C using a water-cooled glass chamber between the ﬂuorescence
tube.
2.3. DCMU and DBMIB treatment of leaves
A. thaliana leaves were treated with inhibitors with concentration
of 10 μM DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) or 10 μM
DBMIB (2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone) (both
obtained from Sigma-Aldrich), for 1 h prior to temperature treatment.
Also, during temperature treatment the detached leaves were ﬂoated
in an inhibitor solution for effective action.
2.4. Isolation of thylakoid membranes
Isolation of thylakoid membranes from normal and heat-treated
leaves was carried out as described by Subramanyam et al. [32], with
minor modiﬁcations. Leaves were homogenized in 25 mM HEPES (pH
7.5, KOH), 0.3 M sucrose, 10 mM MgCl2, 5 mM CaCl2 and1 mM PMSF.
Leaf homogenate was ﬁltered through four layers of cheesecloth and
the ﬁltrate was centrifuged at 200×g for 3 min. The supernatant was
again centrifuged at 5000×g for 10 min and the pellet was
resuspended in 5 mM HEPES (pH 7.5, KOH), 0.3 M sucrose, 10 mM
EDTA. This suspension was centrifuged at 18,000×g for 10 min and
the pellet was resuspended in 20 mM Tricine (pH 7.5), 0.3 M sorbitol,
10 mM MgCl2, 5 mM CaCl2 to yield thylakoids. Chlorophyll concen-
tration was estimated according to Porra et al. [34].
2.5. Chlorophyll a ﬂuorescence: Emission spectra and fast transient
2.5.1. The low temperature 77 K ﬂuorescence emission
Isolated thylakoid membranes diluted to 10 μg Chl ml−1 were
excited at 436 nm and emission spectra at 77 K were measured in
between 600 and 780 nm. The emission spectra were recorded at
1 nm s−1. Bandwidthwas 5 nm for both excitation and emission. Low
temperature ﬂuorescence emission spectra were recorded at 77 K
using a (Perkin Elmer, LS-55) ﬂuorescence spectrophotometer. The
raw spectra were normalized at 685 nm for comparison of ﬂuores-
cence emission bands emanating from PSI.
2.5.2. The fast OJIP ﬂuorescence transient measurements
Chlorophyll ﬂuorescence fast induction curves were measured
using a plant efﬁciency analyzer (PEA), Hansatech, King's Lynn,
Norfolk, UK. The dark adapted leaves were excited by an array of three
light-emitting diodes peaking at 650 nm at a photon ﬂux density of
3000 μmol m−2 s−1. The fast ﬂuorescence transients (OJIP) were
measured [35] from moderately temperature-induced (40 °C) leaves
of wt and stn7 mutant plants.
2.6. Immunoblotting analysis of thylakoid membrane protein proﬁle
Tricine SDS-PAGEwas carried out as described by Shagger and von
Jagow [36]. Proteins were separated on 15% resolving gel in the
presence of 2 M urea. For immunoblotting, proteins were separated
by Tricine SDS-PAGE and transferred on to polyvinylidene ﬂuoride
(PVDF) membrane (Bio-Rad) using the transblot apparatus (Bio-Rad).
Blots were probed with anti-phosphothreonine polyclonal antibodies
purchased from New England Biolabs (Cell Signaling Technologies,
UK) to detect phosphorylated proteins at threonine sites. The
polyclonal LHCII antibodies, i.e., Lhcb1, Lhcb2 and Lhcb3 (Agrisera,
Sweden), were used for detection of major LHCII proteins.
3. Results and discussion
We have designed our experiments on A. thaliana wt and stn7
(expression of stn7 gene is blocked) mutant to assess state transitions
in elevated temperature (40 °C). However, we note that no signiﬁcant
Fig. 1. 77K chlorophyll a ﬂuorescence emission spectra of thylakoid membranes isolated
from A. thaliana leaves, preilluminatedwith either state I or state II light . (A)WT, (B) stn7.
(spectra normalized at 685 nm). Plantswere dark adapted overnight before acclimating to
state I or state II light. Plantswerepreilluminatedwith red light (λ=660 nm) for45 min to
obtain state II and preilluminated with far red light (λ=~700 nm) for 45 min.
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upon heating from 25 °C (ambient temperature) to 35 °C. For our
present study we have exposed the plants to 40 °C for a short duration
(0–60 min) to characterize temperature-induced state transitions and
LHCII phosphorylation. All the experiments presented here were
repeated more than three times independently and obtained identical
results.
3.1. State transitions at ambient 25 °C temperature
State transitions were induced using either corning far red light or
red light ﬁlters to obtain state I or state II conditions, respectively, at
ambient temperature (25 °C). The 77 K Chl a ﬂuorescence emission
was monitored either in state I or in state II (Fig. 1). An increase in PSI
(~725 nm) emission, relative to PSII (685 nm) was observed in state II
adapted wt plants (Fig. 1A). This suggests normal state transitions in
wt leaves, whereas in stn7 mutant no such signiﬁcant changes in the
PSI ﬂuorescence as a result of state I/state II light adaptation were
observed (Fig. 1A and B), due to the absence of STN7 kinase activity.
These results are in agreementwith previously published data [37,38].
3.2. Effects of elevated temperature on 77 K emission spectra in wt and
stn7 plants
Exposure of detached leaves to 40 °C for varying time periods
caused alteration in the 77 K emission spectra of thylakoid mem-
branes isolated from wt plants, but not in the stn7 mutant sample.
Upon exposure to heat treatment, wt plants showed a progressive
increase in the F726 band (originating from PSI). To quantify the
increase in PSI ﬂuorescence, the spectra were normalized at 685 nm
(the PSII emission peak) (Fig. 2A and B). The shape of the 77 K spectra
of stn7 mutant at 40 °C showed similar spectra like wt and unlike in
wt, the increase in heat treatment did not show any progressive
enhancement of PSI emission peak at ~726 nm (Fig. 2C).
The relative ratio of the F685 (PSII) peak to the F725 (PSI) peak is a
useful marker to study the extent of state transitions linked to
migration of LHCII [27]. Fig. 2B exhibits the increase in F725/F685 ratio
from 0.8 to 1.2 after heat treatment, while this ratio did not change
with heat treatment in the stn7 mutant (Fig. 2D). According to the
classical state transition model, the phosphorylation of LHCII proteins
causes migration from grana region, thus, decreasing the antenna size
(absorption cross-section) of PSII and the phosphorylated LHCII
antennae associate with PSI, enhancing long-wavelength emission at
77 K. Thus, our results demonstrated that enhancement of PSI to PSII
emission by heat treatment in dark conditions in wt A. thaliana leaves
were due to state transition-type migration of LHCII and consequent
resulting change in the relative absorption cross-sections of PSI and
PSII, similar to light-induced state transition events. However, these
changes were not observed in the mutant stn7.
3.3. Phosphorylation of LHCII under elevated temperatures
The effects of 40 °C heat stress on the phosphorylation of thylakoid
membrane proteins were investigated by immunoblotting. Fig. 3A
shows the immunoblot of thylakoid membrane proteins isolated from
leaves exposed to varying periods of temperature treatment, probed
with an anti-phosphothreonine antibody. Differential phosphoryla-
tion of CP43 and D1/D2 were not observed after heat treatment in
both wt and stn7 mutant at different time intervals. However,
differential phosphorylation of LHCII was observed in wt. The LHCII
phosphorylation signal was detected during 20, 40 and 60 min of
moderate heat treatment, and the phosphorylation signal was absent
in 0 min sample. In contrast, similar heat treatment for 20, 40 and
60 min exhibited no phosphorylation of LHCII in stn7mutant (Fig. 3A).
These results demonstrate the involvement of STN7 kinase in heat-
induced phosphorylation of LHCII. While CP43 and D1/D2 showedminimal phosphorylation under the conditions investigated, the
degree of phosphorylation of these proteins was not affected
signiﬁcantly by heat treatment. Earlier reports have demonstrated
that apart from LHCII, PSII core proteins were also differentially
phosphorylated in low-light conditions [25,39]. However, in dark
ambient condition also phosphorylation of CP43, D1 and D2 were
observed [25,40]. These results indicate that the enzyme responsible
for LHCII phosphorylation by heat treatment is also the same STN7
kinase.
Fig. 3B shows the immunoblot probedwithmajor LHCII antibodies.
The expression proﬁle of major LHCII proteins, namely, Lhcb1, Lhcb2,
and Lhcb3, almost remained identical after heat treatment for
different periods of time from 0 to 60 min in both wt and stn7
mutant. However the extent of LHCII phosphorylation was enhanced
as exposure time increased in wt (Fig. 3A). These data indicated that
the relative increase of PSI emission (Fig. 2A) after heat treatment was
owing to phosphorylation of LHCII. As the stn7 mutant plants lacked
the ability to phosphorylate LHCII by STN7 kinase, heat stress could
not induce changes in PSI and PSII ﬂuorescence characteristics. Recent
reports suggested that, under low-light conditions, when excitation
energy transfer from LHCII to reaction centers is efﬁcient, the STN7-
dependent LHCII protein phosphorylation guarantees a balanced
distribution of excitation energy to both photosystems [24,37,41].
Similarly, results of this study indicate that, at moderately elevated
temperature (40 °C), the STN7 kinase was found to be active and
possessed the ability to phosphorylate LHCII, thereby bringing about
an increase in the absorption cross-section of PSI complex.
In order to determine the earliest onset of LHCII phosphorylation,
wt plants were exposed to moderate temperature at 40 °C from 0 to
10 min. Interestingly, the phosphorylation of LHCII was detected
Fig. 2. 77K chlorophyll a ﬂuorescence emission spectra and F725/F685 ratio of thylakoid membranes of A. thaliana and its mutant stn7 leaves treated at 40 °C for different time
periods (0–60 min) (spectra normalized at 685 nm). A and B: wt; C and D: stn7 mutant.
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(Fig. 3C). Previous reports demonstrated that, under state II
conditions, LHCII phosphorylation increased with increasing period
of red light illumination. The half time (t½) of the activation of STN7
kinase (previously known as LHCII kinase) was estimated to be
approximately 4–5 min [42,43], which is similar to the t½ for saturating
LHCII phosphorylation [44]. In this study, LHCII phosphorylation begins
within 2 min at 40 °C (Fig. 3C). This indicates that phosphorylation of
LHCII is one of the initial responses to temperature stress in A. thaliana.
The above results revealed that the signal for phosphorylation of LHCII
may be perceived by STN7 kinase at the initial onset of heat exposure. In
order to examine the dephosphorylation of temperature-induced
phosphorylated LHCII, we cooled the temperature-treated Arabidopsis
leaves back to room temperature (25 °C). Upon cooling, dephosphory-
lation of LHCII (i.e., the decrease in LHCII phosphorylation)was observed,
as in a transition back to state I. Unlike the regular light-induced state
transitionmechanism, it took aminimumof 2 h for dephosphorylation of
LHCII when the heat-treated leaves were brought to room temperature.
Wereporthere that the relaxationof LHCII phosphorylationwas slowand
was monitored up to 30 min of exposure (Fig. 3C), while the complete
relaxation of LHCII phosphorylation required more than 2 h (data not
shown). Hencewe conclude that temperature-induced state transition in
dark is also a short-term adaptive change but the relaxation of LHCII
phosphorylation (nothing but dephosphorylation, state I) is slower than
the regular state transitions linked LHCII dephosphorylation.
3.4. Role of redox carriers on LHCII phosphorylation
Electron transport inhibitors like DCMU (3-(3,4-dichlorophenyl)-
1,1-dimethylurea) and DBMIB (2,5-dibromo-3-methyl-6-isopropyl-
p-benzoquinone) are known to alter the redox poise of the PQ pool inlight. To check the signal processing mechanism in temperature-
induced state transition, we used these two inhibitors and monitored
the phosphorylation levels of LHCII by mild heat treatment. DBMIB is
an inhibitor of reoxidation of PQH2 molecules by Cyt b6/f [45] and
DCMU blocks the plastoquinone binding site of photosystem II,
disallowing the electron ﬂow from PSII to plastoquinone pool [46,47].
It is well known that in normal state transitions, DCMU block PQ pool
reduction, and consequently phosphorylation of LHCII and its
migration to PSI. In our experiments, we used these inhibitors to
examine the effect of the PQ pool redox state and Cyt b6/f at elevated
temperatures. Using inhibitors such as DBMIB would help to examine
role of Cyt b6/f in STN7 kinase activation and determine whether STN7
kinase is being activated by another route. The LHCII phosphorylation
has been observed in light and temperature-induced state transitions
in control samples (no inhibitor) (Fig. 4, lanes 1, 2 and 7). In DCMU-
treated samples, the phosphorylation of LHCII is blocked in light-
induced state transition (Fig. 4A, lane 4); however, it is unable to block
the phosphorylation of LHCII in temperature-induced state transition
(Fig. 4A, lane 9). These results show that reduction of PQ pool occurs
non-photochemically by stromal reductants, which may trigger LHCII
phosphorylation. However, in light-induced state transition, DBMIB
unable to block fully the LHCII phosphorylation (Fig. 4A, lane 6). Also
the extent of phosphorylation of LHCII in heat-treated DBMIB leaves is
lower when compared to heat-treated samples (Fig. 4A, lane 11). The
77 K emission spectra results with DBMIB at 40 °C (in dark) have
shown no signiﬁcant difference with control samples (in dark at
room temperature)whereas at 40 °C, dark treated leaves have shown
higher PSI ﬂuorescence emission (Fig. 4B). This result shows that the
involvement of Cyt b6/f in STN7 kinase activation and subsequent
phosphorylation of LHCII under temperature-induced state transition.
In addition, themild heat treatmentmay enhance the chlororespiration
Fig. 3. (A) Immunoblotting analysis of thylakoid membranes isolated from tempera-
ture-exposed A. thaliana leaves of wt (lanes 1–4) and stn7 mutant (lanes 5–8) for
different time periods (0–60 min) with anti-phosphothreonine antibody. (B). Immu-
noblot of thylakoid membrane proteins isolated from temperature-exposed leaves for
different time periods probed with major light harvesting complex protein antibodies
(Lhcb1, Lhcb2 and Lhcb3), wt, lanes 1–4; stn7, lanes 5–8. (C) Immunoblot of thylakoid
membrane proteins probed with anti-phosphothreonine antibody (highlighted only
LHCII) and its density graph, isolated from leaves exposed to short-term temperature
treatment (0–10 min) and its recovery at 25 °C for 15 and 30 min.
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lation of LHCII. Our results are in agreement with previous reports of
elevated temperature-induced chlororespiration [48]. It is well known
that, in light-induced state transitions, both the PQ pool and Cytb6/f are
known to be triggering signals for the activation of STN7/STT7 kinase
[22,23]. We also checked the inﬁltration of inhibitors to the target sites
of the leaves by using OJIP transients (Fig. 4C). The disappearance of IP
phase after DBMIB treatment indicates that, under saturating light
conditions, the I phase approached themaximumﬂuorescence level and
it reﬂected a signature of effective inﬁltration of DBMIB [45] (Fig. 4C). In
DCMU-treated leaves, a single induction phase is observed and the Fm
reached after 2 ms (=J-step) [46] (Fig. 4C). Thus, we conclude from
these results that the temperature-induced signaling pathway of
STN7 kinase activation is dependent on redox state of Cyt b6/f like in
light triggered state transition mechanism.3.5. Primary photochemistry and the redox poise of PQ pool under
elevated temperature
Apart from LHCII phosphorylation, we also assessed the extent of
moderate heat-induced alterations at PSII level by using fast
chlorophyll a OJIP ﬂuorescence transients in A. thaliana. Several
studies have shown that OJIP ﬂuorescence transients can be used to
monitor heat-induced photosynthetic damage in plants [49,50]. The
OJIP ﬂuorescence transient represents the successive reduction of
acceptor pools of PSII [51]. The O–J raise phase is linked to QA
reduction [52], the raise from J–I phase in the transient is due to
electron transfer from QA− to QB− and subsequent QA− to QB2− [35]. Thus
O–P raise in the ﬂuorescence yield reﬂecting the variable ﬂuorescence
raise, Fv is due to reduction of the PQ pool. Fig. 5 exhibits the raise in
ﬂuorescence from O to P for different dark heat treatment periods
from 0 to 60 min. As the duration of heat treatment was increased, the
raise in path of the ﬂuorescence transient was altered and maximal
ﬂuorescence yield (Fmax) at P was decreased. This result was expected
because of partial inactivation of PSII by heat treatment. Furthermore,
heat exposure affected both the Fo and Fm levels of the transients.
Where Fo is the minimal ﬂuorescence, when all PSII reaction centers
are open (at t=0) and Fm is the maximal ﬂuorescence, when all PSII
reaction centers are closed. The Fo level increased with the time of
exposure while the Fm level decreased (data not shown), suggesting a
small decrease in the photochemical yield of Fv/Fm from 0.8 to 0.74. It
can be denoted analytically as: increasing Fo =ABS kF/(kP+kN)
and decreasing Fm=ABS kF/kN as the temperature increases.
Decrease of Fv/Fo from 1 to 0.62 and therefore an increase of kN
from 1 to 1.13 and a decrease of kP from 1 to 0.69 while heating from
0 to 60 min. Thus, OJIP curves show clearly that the heating of 60 min
is increasing kN for about 13% while kP is decreasing for 31%. The
increase in Fo level by the moderate heat treatment could be ascribed
to back transfer of electron from the secondary QB− to the stable
primary acceptor QA of PSII [53]. Similar results were reported earlier,
wherein at elevated temperatures the PQ pool is reduced in dark by
stromal reductants [48].
The minor decrease in the Fm level could also be due to decrease in
PQ pool, even though the extent of changes was quite small. The dark
heat treatment likely induced heterogeneity in intersystem electron
transport carriers in photosynthetic electron transport chain [54],
thus causing a change in the cellular redox poise. Fig. 5 shows OJIP
ﬂuorescence transients normalized at Fo level, in order to demonstrate
the relative changes at the J, I and P phases. Marginal decrease of all
the phases of ﬂuorescence transient raise indicates partial decrease in
electron transport from PSII to PSI during 1 h heat treatment. The
above results with OJIP ﬂuorescence transient studies have shown
that the altered redox state of the PQ pool by moderate temperature
elevation was noticeable, but these changes did not inﬂuence the
temperature-induced state transitions (Figs. 2 and 3). However, when
the temperature was increased to 45 °C the photosynthetic perfor-
mance was irreversibly affected.
3.6. Proposed mechanism of state transition under elevated temperature
The redox state of the PQ pool and Cyt b6/f constitutes the central
signal for state transition mechanism [55]. In general, docking of
plastoquinol to the Qo site of the Cyt b6/f complex activates the kinase
responsible for LHCII phosphorylation (Fig. 6A–C). Phosphorylated
LHCII dissociates from PSII and associates preferentially with PSI,
which is enriched in the thylakoid stroma, thereby increasing the
absorption cross-section of PSI supercomplex. In higher plants and
green algae, dark adaptation generally leads to oxidation of PQ pool.
Thus, plants under dark conditions are considered to be in state I
(Fig. 6A). In our experiments, leaves were kept in dark during
temperature treatment, and were therefore expected to be in state I.
However, we observed that the heat treatment in dark caused a shift
Fig. 4. (A) Immunoblotting analysis of thylakoid membrane proteins probed with anti-phosphothreonine antibody, experiencing light-induced (lanes 1–6) and temperature-
induced (lanes 7–11) state transitions after pretreatment with inhibitors, 10 μMDCMU (lanes 3, 4, 8 and 9) and 10 μMDBMIB (lanes 5, 6, 10 and 11). The leaves were pretreated with
inhibitors for 1 h; temperature treatment lasted for 30 min. State transitions were induced for 45 min for each state. The letters D, L, C and T stands for dark, light (30 μmolm−2 s−1),
control (leaves at 25 °C treated with inhibitors) and temperature (40 °C). Leaves treated at 40 °C without inhibitor treatment (lane 7) was also shown. (B) 77 K chlorophyll a
ﬂuorescence emission spectra of thylakoidmembranes isolated from A. thaliana, control leave; heat-treated leaves, and DBMIB heat-treated samples. The heat treatments were given
for 60 min. Plants were dark adapted overnight before the treatments. (C) Normalized Chl a ﬂuorescence transients (at Fo) of WT plants pretreated with 10 μM DCMU or 10 μM
DBMIB. Control leaf without inhibitor treatment was also shown.
Fig. 5. Fast Chl a ﬂuorescence transient (normalized at Fo). Spectra were recorded in
dark adapted leaves using handy PEA.
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the temperature-induced state transitions have been assessed by
using DCMU or DBMIB (Fig. 4). The activation signal for STN7 kinase
appeared to be from Cyt b6/f, but the source of electrons was from
stromal reductants. It is possible that in the dark elevated tempera-
ture, the non-photochemical reduction of PQ pool is enhanced due to
chlororespiration (Fig. 6D and E).4. Conclusions
In summary, our experimental data with A. thaliana point to the fact
that moderately elevated temperature (40 °C) can induce phosphory-
lation of LHCII bySTN7kinase and subsequentmigrationof P-LHCII from
PSII to PSI, similar to that of light-induced state transitions. This
conclusion is supported by experiments using the stn7 mutant, which
does not carry out state transitions under moderately elevated
temperature, similar to its inability to perform light-induced state
transitions. We propose that mild temperature stress in dark induces
state transition mechanism similar to light-induced state transitions.
Under elevated temperature in dark the chlororespiration is increased,
which may leads to activation of STN7 kinase. Thus, our study may
facilitate in detecting the early events of abiotic stress in plants.
Fig. 6. Schematic models of light (A–C) and proposed model of temperature-induced state transitions (D and E). (A) Thylakoid membrane showing the PQ pool in oxidized state in
dark adapted leaves. (B) When PSII is preferentially excited; PSI cannot compete with PSII, leading to reduced state of PQ pool. (C) The binding of plastoquinol to Cyt b6/f activates
STN7 kinase which phosphorylates LHCII, resulting in dissociation of LHCII from PSII and association with PSI. (D) When the leaf exposed to elevated temperature (40 °C), electrons
from stromal substrates passed to Cyt b6/f, leading to activation of STN7 kinase. (E) STN7 kinase phosphorylates LHCII. The phosphorylated LHCII associatedwith PSI. In temperature-
induced state transition mechanism also, LHCII phosphorylation and migration may be dependent on intersystem redox carriers (PQ pool and Cyt b6/f).
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